ABSTRACT. Extensive digestion of Chinese hamster metaphase chromosomes with Alu I, Hae III and Hinf I released up to 40 distinct chromosomal proteins. Some of the proteins released by Hae III or Hinf I were enriched in the protein moiety liberated by Alu I but several proteins released by Hae III were not released by Alu I digestion. The amount of chromosomal protein released by deoxyribonuclease I (DNase I) was comparable to that liberated by the three restriction enzymes so far tested, while only four abundant protein species were detectable in the protein moiety released by DNase I. Two of them with molecular weights of 58,000 and 50,000 were also released by the three restriction enzymes and are similar in size to those found previously in the core-like structure of histone-depleted chromosomes.
Evidence concerning the higher order structure of metaphase chromosomes in mammalian cells has come largely from electron microscopic studies (8) (9) (10) , and it has been proposed by several authors that the higher order folding of DNA in chromosomes is achieved by topologically constraining DNA in loops, ranging in size from 30 to 90 kbp (2, 5) . Chromosomal nonhistone proteins from Chinese hamster or human were shown to be similar to nuclear nonhistone proteins (3, 14) and some nonhistone proteins were suggested to be involved in holding the base of the loops of DNA in chromosomes (10) . However, the precise mode of chromosome organization is as yet poorly understood.
It has been shown that interspersed repetitive Hind III 1.9 kbp DNA sequences which appear in punctuate or banded arrays resemble a Giemsa-dark band pattern, and the ubiquitous Alu I sequence repeat appears to be concentrated in specific regions on the chromosomes in a pattern similar to the Giemsa-light bands (6) . These findings suggested that special proteins may reside at similar and specific loci along the chromosome arms. In the present work, an attempt was made to examine proteins released from metaphase chromosomes of Chinese hamster cells following digestion with three restriction endonucleases that recognize different DNA sequences 1 Correspondence should be addressed to K .T. at Kanagawa Cancer Center, Research Institute, 54-2 Nakao-cho, Asahi-ku, Yokohama 241, Japan.
Abbreviations used: DNase I, deoxyribonuclease I; bp, base pairs; PIPES, piperazine-N,N'-bis(2-ethanesulfonic acid); NP-40, Nonidet P-40; EDTA, ethylenediaminetetraacetic acid disodium salt; SDS, sodium dodecyl sulfate; PAGE, polyacrylamide gel electrophoresis. Extensive digestion of Chinese hamster chromosomes with Alu I, Hae III, Hinf I and DNase I released approximately 23 %, 20 %, 24 % and 19 % respectively of the [35S]methionine-labeled proteins from the chromosomes. SDS-PAGE revealed that nearly all the abundant proteins released by the three restriction enzymes had molecular weights smaller than 88,000 (Fig. 1) . The most prominent proteins susceptible to Alu I ranged from 40,000 to 88,000 and the relative amounts of proteins smaller than 40,000 was noticeably low. In contrast, both Hae III and Hinf I released chromosomal proteins with molecular weights in the range of 18,000 to 88,000. Fig. 2 shows the two-dimensional gel patterns of chromosomal proteins released after digestion of chromosomes with the four respective nucleases, and all the distinct proteins liberated by the four nucleases were schematically drawn and numbered in In contrast to the restriction enzymes, only four abundant chromosomal proteins, with molecular weights of 58,000, 50,000, 36,000 and 34,000, could be solubilized by DNase I (Fig. 1) . Two-dimensional gel electrophoresis revealed that three of the four abundant chromosomal proteins, which were released by DNase I, were resolved in the first dimensional gel while the 36,000 protein remained on the top of the gel (Fig. 2D) . Two prominent proteins with molecular weights of 58,000 and 50,000 (No. 26 and 29), indicated by arrowheads in Fig. 2 , were also detected among the protein moieties liberated by Alu, I Hae III and Hinf I, whereas the acidic protein of molecular weight 34,000 (No. 35) released by DNase I was not released by any of the restriction enzymes so far tested (Table 1) . 4-6, 14, 15) were also seen to be enriched in the protein moiety liberated by Alu I, yet there were no abundant proteins seen that were only released by Alu I (Table 1) . Several distinct proteins (No. 30-34) which were released by Hae III digestion migrated to the most acidic region of the first dimensional gel (Fig. 2) . None of these proteins were released by Alu I but all of them were also liberated by Hinf I (Table 1) . 40 distinct chromosomal proteins into the soluble fraction (Fig. 3) . When the chromosomal protein moieties liberated by the three restriction enzymes were carefully compared, some of the proteins (Protein No. 4-6, 14, 15) released by Hae III or Hinf I were enriched for in the protein moiety released by Alu I (Table 1) . These prominent proteins were relatively basic and have molecular weights larger than 55,000. Conversely Alu I failed to solubilize several proteins liberated by Hae III (No. 30-34), and these proteins were acidic and have molecular weights smaller than 50,000. The results suggest that at least some of the chromosomal proteins may reside, depending on the DNA sequences, at specific loci along the chromosome arms, since the DNA sequences involving the digestion sites by Alu I, Hae III, and Hinf I are different from each other; that is AGCT, GGCC and GANTC, respectively. However, the fact that the three restriction enzymes released 15 out of 40 chromosomal proteins in common (Table 1) suggests that a common subset of chromosomal proteins may distribute, with little dependence on the DNA sequences, along the chromosome arms. Alternatively, the restriction sites for the three restriction enzymes used here may be located in topological proximity and exhibit a similar distribution along the chromosome arms. While the amount of the chromosomal proteins solubilized by DNase I was similar to that solubilized by the three restriction enzymes under the conditions we used, DNase I was found to convert only four abundant chromosomal proteins into the soluble fraction (Fig. 1) . These findings suggest that the four proteins are the most abundant proteins in the chromosomes and some of them may play an important role in chromosome organization, since the two prominent proteins of 58 ,000 and 50,000 are similar in molecular weights to those found among the most prominent chromosomal proteins in Chinese hamster cells (14) and possibly the same as the chromosomal proteins which were found previously in a core-like structure of chromosomes, depleted of most of its DNA and histones (1, 3) . Moreover , our recent study showed that digestion of metaphase chromosomes with DNase I released DNA fragments of 300 by long which were protected from further fragmentation by DNase I by associating with a protein component (12) . Paulson and Laemmli (10) reported that the histone-depleted metaphase chromosomes consisted of a core-like structure in which a backbone of nonhistone protein was responsible for the basic shape of the chromosomes. Presuming that their model of the metaphase chromosome structure is correct, the present results suggest that one or more of the four prominent proteins, most likely at least the 58,000 protein (12) , may associate with the DNA fragments to serve as the backbone of nonhistone protein to which the loops of DNA anchor. This possibility is also supported by the earlier observation that the release of these prominent proteins from the chromosomes by DNase I digestion is accompa- Fig. 3 .
A schematic of the proteins released from Chinese hamster metaphase chromosomes and resolved in two-dimensional gels following digestion with Alu I, Hae III , Hinf I and DNase I.
All the distinct proteins shown in Fig. 2 are summarized and numbered in this figure. nied by the release of more than 94 % of the chromosomal DNA into the soluble fraction (12) .
